different strains that vary markedly in virulence and organotropism and are grouped usually into two biotypes based on their primary tissue tropisms: polytropic (or respiratory) and enterotropic. Initially, enterotropic strains replicate in the intestinal mucosa, but some isolates spread secondarily to other organs such as the spleen or liver (Barthold et al. 1989a) . Polytropic strains replicate in the nasal epithelium and can disseminate to several other tissues, such as the brain, by neuronal spread, or to the spleen and liver by viraemia (Homberger et al. 1998) . It is thought that there are, in nature, many isolates that span the entire spectrum between polytropic and enterotropic. Pathogenesis cannot be predicted by knowledge of antigenic or genetic differences among MHV strains. Like all RNA viruses, MHV is constantly undergoing mutation, generating numerous new (sub) strains (Homberger 1995 , Yamada & Yabe 2000 , Yamada et al. 2001 . The RNA-dependent RNA polymerase lacks proofreading activity, and thus constantly introduces mutations in the virus genome (Lai et al. 1983) . Natural infection of mature immunocompetent mice with MHV is transient and often subclinical (Barthold et al. 1988 ), even if it may last for several weeks (Compton et al. 2002) . However a fatal wasting disease may occur during the persistent infection of Hsd:athymic nude-nu and other immunocompromised mice (Barthold et al. 1988) . MHV infection is known to interfere with in vitro and in vivo research (Compton et al. 1993) .
Barrier facilities, together with a sentinel health monitoring programme, may provide excellent protection of research animals from MHV infections. As with other rodent viruses, surveillance for MHV infection is generally carried out using serological methods such as an enzyme-linked immunosorbent assay (ELISA). However, molecular detection of the virus with RT-PCR is rapid, more sensitive and allows the detection of the early phases of the infection (Homberger et al. 1991 , Kunita et al. 1992 , Yamada et al. 1993 , Casebolt et al. 1997 , Wang et al. 1999 . A further enhanced sensitivity of this method is achieved by the use of nested primers (Matthaei et al. 1998 , Yamada et al. 1998 . Colony rederivation methods such as hysterectomy-derivation (HD), embryo-transfer (ET) and IVF have proven successful in eradicating the virus from infected colonies (Reetz et al. 1988 , Suzuki et al. 1996 . The last two methods offer the advantage that embryos, oocytes and sperm can be cryopreserved to maintain many mutant strains in liquid nitrogen (Nakagata 1998) . Recently it has been shown that mouse ovaries can be cryopreserved and transplanted, giving another opportunity for gamete banking of mouse strains with breeding dif culties (Sztein et al. 1999 , Candy et al. 2000 .
We describe the distribution and duration of MHV infection in tissues of Hsd:ICR (CD-1) and Hsd:athymic nude-nu mice during a natural outbreak. In particular, we investigated virus spread to testes, epididymides, uteri and ovaries, and transmission by ovarian transplantation to histocompatible mouse recipients that were either immunocompetent or immunodecient, and transmission by IVF performed with sperm from infected testes.
Materials and methods
Mice and sample collection Barrier maintained Hsd:athymic nude-nu (Pantelouris 1968 ) and outbred Hsd:ICR (CD-1) (Rice & O'Brien 1980) mice were purchased from Harlan, Italy (S. Pietro al Natisone, Italy). CB6F1/J (BALB/cJ 3 C57BL/6J) hybrid mice were supplied by a CNR-IBC barrier facility (Monterotondo Scalo, Italy) and shipped in protective, ltered boxes, transported by climatecontrolled van and acclimatized for at least 3 days in the vivarium prior to use. Sixweek-old sentinel males and females (athymic nude-nu, nu/nu and CD-1) were housed three per cage as a standard condition. Males used as sperm donors were housed one per cage for at least 5 days before their use. On arrival, four randomly chosen mice of each type were killed humanely and subjected to a complete necropsy and to sanitary health monitoring according to international standards proposed by the Federation of European Laboratory Animal Science Associations (FELASA) (Nicklas et al. 2002) . Speci cally, they were found to be negative for MHV by serology and by faecal RT-PCR.
Mice were maintained by routine husbandry according to international standards proposed by FELASA (Jennings et al. 1998 ). This included a light-dark cycle of 12 h light and 12 h dark ( uorescent lighting, 250-300 lux at one metre above oor level), regulated room temperature (22 6 2°C) and relative humidity (55 6 10%), 15-20 air changes/h (100% fresh). Sentinel and donor mice were housed in open-air racks, in Makrolon type 2 (EU) cages (Tecniplast, Italy), on non-sterilized heavy wood chips, packed in biodegradable food cellulose material, for bedding and nesting (Datesand, UK). Non-sterilized 12 mm pelleted Harlan global diet 2018 (Harlan Italy, Italy) and ltered (0.2 mm) city water in PVC water bottles with stainless steel (Aisi 316) caps were available ad libitum. Dirty bedding was added weekly to the experimental cages to promote the spread of the infection.
MHV-free recipient females (CD-1, athymic nude-nu, nu/+ and CB6F1/J) used for ovarian transplantation and embryo transfer, females used as oocyte donors (CD-1 and athymic nude-nu, nu/nu), and vasectomized males (CB6F1/J) used to produce pseudopregnant females were housed in a separate barrier unit. Maximizer caging system IVC racks (Thoren Caging System, USA) with high heat polycarbonate cages (Thoren Caging System, USA) were used under positive pressure. Autoclaved heavy wood chips, packed in biodegradable food cellulose material, were used for bedding and nesting (Datesand, UK) and 12 mm irradiated, extruded Harlan diet 2O19 (Harlan Italy, Italy) and chlorinated (4 ppm), ltered (0.2 mm) city water in PVC bottles with stainless steel (Aisi 316) caps were provided ad libitum.
Most mice were euthanized using a Plexiglass gas chamber, pre-lled with . 70% carbon dioxide, followed by exsanguination by direct cardiac puncture. Ovary, oocyte and sperm donors were euthanized by cervical dislocation followed by exsanguination by direct cardiac puncture. Tissues for molecular analysis were collected aseptically and frozen immediately in liquid nitrogen and stored at 2 80°C. Organs and gametes, used for ovarian transplantation and IVF, were used as fresh samples.
Animal care, environmental conditions and experimental protocols were established and licensed in compliance with the European and Italian policy requirements (Ministry Health Authority) with respect to the use of laboratory animals for scienti c purposes concerning the care and utilization of laboratory animals.
Anaesthesia and postoperative care
Mice were anaesthetized with tribromoethanol (Avertin), 250 mg/kg body weight (Hogan et al. 1994) . A stock solution, regarded as 100% Avertin, was prepared by dissolving 10 g of 2,2,2-tribromo-ethanol (Aldrich, Italy) in 10 ml of tertiary amyl alcohol (Merck, Italy). The working solution was made by diluting 100% stock solution to 2.5%, v/v in isotonic saline and ltersterilized through a 0.2-micron lter. Both the stock and working solutions were stored in the dark at 4°C. Surgery was performed aseptically using a stereo microscope in a HEPA-ltered cabinet, and mice were placed in a warm and quiet recovery area. During the surgical procedure and in the immediate postoperative period, when the homeothermic responses were depressed, supplemental heating was provided using an electrical heating pad. After the operation 1 mg/kg body weight of buprenorphine (Temgesic), (Schering Plough, Italy), in 0.8 ml of Ringer Lactate (Pierrel Medical Care, Italy) was administered intraperitoneally to the mice for pain relief and uid support.
Mice were observed daily for clinical signs of MHV infection, and those that showed early evidence of clinical disease, such as emaciation, debility, dehydration, inactivity, loss of appetite, poor ambulation or hunched posture were euthanized immediately, before termination of the preliminary and principal experiments.
Preliminary test
The preliminary test was performed to establish experimental criteria for the main study by introducing 20 immunocompetent (10 males and 10 females) and 20 immunode cient (10 males and 10 females) sentinels, at 6 weeks of age, to the room housing MHV-infected mice. RNA derived from the following tissues: faeces, colon, spleen, lung, brain, liver, epididymis, testis, uterus and ovary from one male and one female Hsd:ICR (CD-1) after 1, 2, 4, 6, 8, 10, 12, 14, 18 and 24 weeks from the rst exposure (day 0), and from one male and one female Hsd:athymic nude-nu (nu/nu) after 1, 2, 4, 6, 8 and 10 weeks only (see below), were RT-PCR tested.
The preliminary study showed that the infection was due to a polytropic strain since all tissues examined were infected during the experiment, including sex organs that were infected from week 4 to week 8. It has been reported that virulent polytropic MHV strains cause a wasting syndrome in immunocompromised mice leading to death (Percy & Barthold 2000) . Hence, nude mice that showed early clinical signs (generally after 8-10 weeks) were killed humanely at once. Immunocompetent animals remained well and cleared the infection after about 10-12 weeks.
Main study-Experimental design
Results from the preliminary experiment gave indications of timing, tissue selection and appropriate experimental procedures. We estimated 36 immunocompetent Hsd:ICR (CD-1) (18 males and 18 females) and 36 immunode cient Hsd:athymic nude-nu (nu/nu) (18 males and 18 females) as the minimum number needed to study the progression and duration of MHV infection in organs. In addition, six animals of each strain were used to de ne the rst site of virus replication. The transmission of the virus by ovarian transplantation and IVF was investigated using 10 immunocompetent and 10 immunode cient mice.
During the principal experiment, tissues were collected from three male and three female sentinels of each strain, 6 weeks old at the start, at selected times after 1, 2, 4, 6, 8 and 12 weeks from rst exposure, and were RT-PCR tested. The sensitivity of this particular RT-PCR assay had already been demonstrated by Yamada et al. (1993) . However, we used a second round of ampli cation with nested primers to increase the sensitivity of detection (Matthaei et al. 1998) . Ovaries and sperm used for ovarian transplantation and IVF were collected at week 6 of exposure to MHV when a sample of the ovaries and testes were RT-PCR tested and found to be positive for MHV.
First site of MHV virus replication
The rst site of virus replication was identi ed by exposing a separate group of six immunocompetent Hsd:ICR (CD-1) and six immunode cient Hsd:athymic nude-nu (nu/nu) sentinel mice. RNA was extracted from the nasal and intestinal (colon) mucosa of one male and one female of each strain killed at days 2, 4 and 7 and was RT-PCR tested. Faeces were also RT-PCR tested.
Extraction of viral RNA and RT-PCR
Fifty to 100 mg of frozen mouse tissues (nasal mucosa, colon, spleen, lung, brain, liver, epididymis, testis, uterus and ovary) or faecal samples were homogenized with a sterile pestle in one millilitre of Trizol reagent (GIBCOBRL, Life Technologies USA). After 10 min at room temperature, 0.2 ml of chloroform was added to each tube followed by vigorous vortexing. The samples were incubated for a further 10 min at room temperature and then centrifuged for 15 min at 12 000 g at 4°C. The aqueous phase was transferred into a new tube and 0.5 ml of isopropanol was added and mixed. After another incubation at room temperature for 5 min, the samples were centrifuged for 15 min at 12 000 g at 4°C. Resulting pellets were washed with 75% ethanol and dried. The RNA pellet was made soluble in 10 ml of RNAse-free water. RNA was quanti ed spectrophotometrically. Five micrograms of total RNA were reverse-transcribed in a 20 ml volume with 200 units of Superscript II (GIBCOBRL, Life Technologies USA) in the presence of Oligo dT and RNAseOUT (GIB-COBRL, Life Technologies USA) according to the manufacturer's protocol. A 3 ml aliquot of rst-strand c-DNA was used for each PCR procedure. The primers designated 6P1 (AAGGTAGACGGTGTTAGCGG), LP (TATAAGAGTGATTGGCGTCC) and N180 (TTTAACCCGCGCTCGGTTTG) were described by and used according to Yamada et al. (1993) , but PCR was performed in 30 ml for 40 cycles with 1U of Taq Gold (Applied Biosystem, Roche USA). Nested primers were designed to be internal to both PCR products. Primers FS (TTGTTC-CTGGGCAAGAAAATGCCGG) and AA (CAGCCCAAGTGGTCTTCTTGA) were used in a 30 ml volume (10 mM Tris-Cl pH 8.5, 50 mM KCl, 1.5 mM MgCl 2 ) with one microlitre of the previous PCR product. After initial heating at 95°C for 2 min, nested ampli cation was performed for 40 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s, and elongation at 72°C for one minute followed by a nal extension at 72°C for 10 min. The nested PCR products (90 bp) were visualized on 2% ethidium bromide-stained agarose gel. In vitro fertilization and ovarian transplantation In vitro fertilization was performed using the protocol described by Sztein et al. (2000) ; 21-24-day-old uninfected CD-1 and Hsd:athymic nude-nu (nu/nu) females were superovulated by i.p. injection of 2.5 IU of PMSG (Intervet, Italy) followed by 2.5 IU HCG (Intervet, Italy) 48 h later. Females were killed 12 h post-HCG injection and their oviducts were removed aseptically. The oviducts were washed in PBS solution and transferred under mineral oil (Sigma, Italy) in IVF dishes. The oocyte-cumulus cell mass complexes were removed in a fertilization dish of human tubal uid (HTF) medium (Quinn et al. 1985) and the oviducts discarded. An aliquot of fresh sperm, prepared according to Sztein et al. (2000) , from ve male nudes (nu/nu) and ve male CD1 with infected testes, was added to the fertilization drop and incubated in 5% CO 2 at 37°C for 5 h. After that time, eggs were washed and cultured overnight in HTF under the same conditions. The next morning the two-cell stage embryos were transferred aseptically by a transfer pipette connected to an aspirator mouthpiece with tubing into the infundibulum of the oviduct of 0.5-dpc anaesthetized CB6F1/J pseudopregnant foster mothers (Hogan et al. 1994) .
Serology
Recipients were tested 1 and 4 weeks after surgery by faecal RT-PCR. Pups were tested by faecal RT-PCR at weaning after separation from mothers, approximately 7 weeks after surgery.
Ovarian transplantation was performed according to Sztein et al. (1998) . Five CD-1 and ve Hsd:athymic nude-nu (nu/nu) infected donor females were killed after 6 weeks of exposure and both native ovaries were removed from each mouse. The infected ovaries were transplanted into ovarian bursae of CD-1 and Hsd:athymic nude-nu (nu/+) uninfected, anaesthetized, female recipients. Recipients were mated 7 days after surgery with uninfected CD-1 or Hsd:athymic nudenu (nu/nu) males and tested by faecal RT-PCR. Recipients were tested again at week 4 and pups were tested at weaning by faecal RT-PCR, after separation from mothers, about 8 weeks after surgery.
Portions of donor ovary and testis were saved for RT-PCR when ovarian transplantion and IVF were performed to con rm the infection status.
Results
Serological control tests were performed on sentinel sera immediately after delivery from the supplier and were negative for antibodies against MHV and all other agents tested.
We studied the distribution and tropism of the virus using two sets of primers that amplify MHV mRNA transcripts 6 and 7 from at least eight different strains (Yamada et al. 1993) . A 241 bp fragment was ampli ed with 6P1 and N180 primers from mRNAs 1 to 6, and a 199 bp product was ampli ed with LP and N180 primers from mRNA 7. Sequencing of these two PCR products con rmed that they were speci c for MHV and shared the 3' end sequence on which we designed two internal primers in order to perform a single nested PCR from both of the two ampli ed regions (data not shown). Nested PCR was always performed when a positive result was not evident in the rst PCR. A 90 bp PCR product was evident in positive samples when separated on 2% agarose gel (Fig 1) . The approach of 4-6 weeks after rst exposure. Ovaries, uteri, testes and epididymides were all RT-PCR positive in all mice by 6 weeks. After that time, infection decreased in sex organs and in other tissues, and the virus was completely cleared in Hsd:ICR (CD-1) at 12 weeks. MHV antibodies were detected in sera from immunocompetent mice from 2 weeks after exposure to MHV-infected mice. Our interest in the possible vertical transmission of MHV stimulated us to investigate whether the presence of MHV in the sex organs (from week 4 to week 8) might permit the transmission of MHV by ovarian transplantion or IVF. The results are summarized in Table 3 .
When infected ovaries were transplanted into congenic uninfected foster females that were then mated, ve out of ve Hsd:athymic nude-nu (nu/+) fosters and three out of ve Hsd:ICR (CD-1) fosters were found to be positive at 1 and 4 weeks post-surgery. Pups from RT-PCR positive foster mothers were also MHV positive at weaning. We used nu/+ recipients for ovary transplantation of nude mice to increase the chance of successful pregnancy.
Sperm from animals with infected testes were used to perform IVF, and resulting embryos were reimplanted in (pseudopregnant) CB6F1/J foster mothers. We used the CB6F1/J since they were readily available in our laboratory and because they behaved similarly to CD1 in their response to MHV Athymic nude (nu/nu) 2 0/2* 2/2 2/2 4 2/2 2/2 2/2 7 2/2 2/2 2/2 ICR (CD-1) 2 0/2 2/2 2/2 4 2/2 2/2 2/2 7 2/2 2/2 2/2 *Positive results/mice tested using a second round of ampli cation with nested primers allowed us to detect positivity in about 35-40% of samples that were negative in the rst PCR.
The results showed that MHV replicated initially (after 48 h) in both the upper respiratory tract and in the intestinal epithelium and was detected by faecal RT-PCR as early as day 4. The results are summarized in Table 1 .
The principal experiment (Table 2 ) showed that faeces, lung and brain were infected throughout the rst 8 weeks of the study, whereas other tissues, such as spleen and liver, were infected for a shorter period. The infection reached its peak (when most of the tissues were infected) at approximately infection (data not shown). Faeces from 5+5 CB6F1/J foster mothers subjected to IVF, using sperm collected from either infected nude (nu/nu) mice at week 6 or from CD-1 mice, were all RT-PCR negative at 1 and 4 weeks post-IVF. Faeces from pups were also negative at weaning.
Discussion
Natural infection of MHV is probably the most common viral infection in laboratory mouse populations and can lead to severe disease in immunode cient animals (Homberger & Thomann 1994 , Percy & Barthold 2000 . Eradication of the virus from animal facilities with transgenic mice can be dif cult (Regh et al. 2001 ) and very expensive, making frequent testing necessary. The diagnosis of MHV infection is made mainly by serology; however these assays have the disadvantage of requiring several weeks for seroconversion of sentinel animals and cannot be used with immunocompromised mice. We have used a molecular approach, in addition to serology, to detect the presence of the virus from many mouse tissues (Compton & Riley 2001) . This approach has proven to be more sensitive and was able to detect the virus before a serological response was detectable. Furthermore, RT-PCR and subsequent nested-PCR allow direct detection of the virus, indicating active infection, whereas serological methods often provide only retrospective evidence but can be more useful than PCR after infection. In our case the use of a nested-PCR allowed us to detect a positive reaction in almost half of the apparently negative samples as the high sensitivity of the second PCR cycle allowed the detection of the viral genome even if there were only very few copies. The ability to import and cryopreserve mouse sperm and ovaries will help the banking and maintenance of scienti cally valuable mutant strains. Although, previously, it has not been demonstrated conclusively that embryos from an actively infected mouse cannot transmit MHV, embryo transfer has proven effective empirically for the eradication of common pathogens. Regarding sperm and ovaries it is not established whether they could transmit infections when used for IVF or ovary transplantation. Our aim was to investigate these problems.
We used immunocompetent and immunode cient mouse sentinels to study the MHV's rst site of virus replication, duration and distribution to organs. Our results con rmed the polytropic pattern of the MHV strain, since the virus reached all tissues at various stages following, probably, strain-speci c behaviour. The virus was eliminated in the faeces and could be detected by RT-PCR especially after nested-PCR, after only 4 days, thereby indicating that this molecular approach can be used for the early detection of the infection in live animals. Polytropic MHV strains are nowadays rare in animal facilities due to the prevalence of enterotropic strains (Homberger et al. 1998 ). We did not nd any gender differences in the duration or distribution of the infection in tissues of the same mouse strain. Interestingly, all the animals tested before week 12 were found to be positive for MHV, indicating that this virus has a very high morbidity.
Finally, sexual organs (testis, epididymis, ovary and uterus) were infected for a few weeks only; all were RT-PCR positive at week 6 then infection started to decrease in Hsd:ICR (CD-1) animals. With this information from the preliminary experiment, we decided to test the transmissibility of the infection by IVF with sperm from animals (after 6 weeks exposure) with infected testis and epididymis, and its similar transmissibility by ovary transplantation from animals with infected ovaries.
In our studies, no virus was transmitted in 10 IVFs ( ve with nude-nu (nu/nu) sperm and ve with CD-1 sperm) to either foster mothers or pups, suggesting that sperm could be used safely for the (cryo) preservation of mutant lines which are important in terms of health control of MHV infection. We could not demonstrate directly whether the virus was associated with sperm or not, because we could not get enough RNA from these cells. Nevertheless, this is the rst clear demonstration that sperm, from actively infected animals, have not transmitted this virus and that IVF has acted as a cleansing procedure.
On the other hand all ve Hsd:athymic nude-nu (nu/nu) MHV-positive ovaries carried the infection to the Hsd:athymic nude-nu (nu/+) fosters and three out of the ve Hsd:ICR (CD-1) MHV-positive ovaries transmitted the virus to Hsd:ICR (CD-1) fosters. Hence, even if ovary freezing and transplantation may be a promising method of preserving lines with breeding dif culties, it is clear that this technique does not necessarily lead to the eradication of all pathogens.
It is important to note that, in two cases, MHV-positive ovaries did not transmit the virus in CD1 mice, indicating that our molecular approach can even detect the few copies of viral genome which are insuf cient to start an infection, at least in immunocompetent mice.
Further studies have to be done to understand the mechanism of MHV tissue tropism and possible transmission through sexual organs. These studies will be necessary, for other pathogens too, for selecting the best techniques to either cryopreserve mutant strains and/or to eradicate the contamination.
